We present a spectral method for solving the twodimensional equations of dynamic elasticity, based on a Chebychev expansion in the vertical direction and a Fourier expansion for the horizontal direction. The technique can handle the free-surface boundary condition more rigorously than the ordinary Fourier method.
INTRODUCTION
This work presents a spectral method for the solution of the equations of dynamic elasticity in two spatial dimensions. The method is based on a spatial discretization on a grid in which the solution is approximated by a Chebychev expansion in the vertical direction and a Fourier method in the horizontal direction. This discretization yields an algorithm with spectral accuracy which is not periodic in the vertical direction. Consequently, unlike the Fourier method, the free-surface boundary condition can be incorporated easily.
The problem of expressing the free-surface boundary condition with grid methods is not always simple. The free-surface boundary condition is especially difficult with high-order schemes. Whereas for finite elements or loworder finite differences the free-surface condition can be applied with the same level of accuracy as the method itself (e.g., Vidale and Clayton, 1986) , for the fourth-order finite differences only an approximation to the condition has been found (Baylis et al., 1986; Levander, 1988) . Furthermore, for the spectrally accurate Fourier method we had to resort to "zero padding," effectively including a region above the surface of the earth with a velocity value of zero (Kosloff et al., 1984) . Whereas for small angles of incidence (or, equivalently, at a large depth beneath the surface) this approximation yields acceptable results, for larger angles of incidence the time histories become ringy. An example of this behavior is shown in Figures la and lb which present comparisons between the Fourier method and analyticai solutions for Lamb' s problem of wave propagation in a homogeneous half-space. In this example the source was located at a depth of 20 m beneath the free surface and had a Ricker wavelet time history with peak frequency at 11 Hz. The P-wave and S-wave velocities were, respectively, 2000 m/s and 1155 m/s. Figure la, which presents horizontal displacements on the surface at a distance of 1200 m from the source, appears ringy. Conversely, the comparison between numerical and analytical results in Figure lb , which is for a point located at a depth of 400 m beneath the surface in the same horizontal position, is much better.
The free-surface boundary condition is important for exploration geophysics. First, an accurate representation of the seismic source must account for reflected and converted phases from the surface. Second, evaluating ground roll and wave propagation in the weathered zone in general is important. We therefore believe it is desirable to have a modeling scheme which can handle these phenomena accurately. In this study we examine the possibility of using an algorithm based on a Chebychev expansion in the vertical direction.
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The Chebychev method has been described extensively in the mathematical literature (e.g., Gottlieb and Orszag, 1977; Canuto et al., 1987 , for a review). As with the Fourier method and finite differences, the algorithm uses a spatial mesh to approximate the solution. However, the grid is no longer uniform in the vertical direction, but rather is finer toward the boundaries (Figure 2) The degree of refinement of the mesh toward the boundaries is controlled by a mapping into another coordinate system. Since numerical stability depends on the size of the smallest grid spacing, this mapping enables one to achieve a proper balance between fulfillment of the surface boundary conditions and numerical efficiency. As we show, the method accounts for the freesurface boundary condition and is very accurate. It is also comparable in speed to the ordinary Fourier method.
In the following sections we describe the Chebychev modeling scheme and discuss its properties. We next present a comparison between numerical and analytical calculations for problems with known solutions and an example of wave propagation in a laterally heterogeneous medium. in the original grid before scaling). This is unlike with finite differences or the Fourier method where the grid spacing remains constant. The stable time step size decreases accordingly, thus making the Chebychev method prohibitively expensive. To circumvent this problem, we introduce a coordinate transformation by which the grid spacing in the vicinity of the boundary remains practically constant for different grid sizes, and yet is small enough to resolve the boundary conditions properly. This coordinate transformation is discussed in more detail in Kosloff and Tal Figures 6a-6c represent vertical particle velocity snapshots at respective times of 0.25 s, 0.5 s, and 1 s. In Figure  6a , which is at an early time only the reflected and transmitted P wavefronts are well developed. However, a Stoneley wave with a large amplitude on the interface can be seen, too. In Figure 6b , both P and S reflected pulses are distinguishable. In addition, a P head wave characterized by a planar wavefront is also present. In Figure 6c the reflected P-wave has practically passed by and been absorbed along the boundaries, and a strong surface multiple can be observed propagating downward. 
EQUATIONS OF DYNAMIC ELASTICITY

CONCLUSIONS
We have presented a new spectral method for elastic-wave calculations which is based on a Chebychev expansion in the vertical direction. The results so far indicate that the method presents an improvement over the ordinary Fourier method in handling the free-surface boundary condition. Comparisons with analytical solutions have been good. The last example (with a vertical interface) indicates that the method can handle sharp lateral velocity contrasts across which the Poisson' s ratio and density vary as well.
Compared with the efficiency of the ordinary Fourier method, the Chebychev algorithm requires more computer storage because of the need to solve the first-order system (4) and not equations (1) and (2) directly. Furthermore, the Runge-Kutta technique used in this study, for equal accuracy, is about two times slower than second-order temporal differencing which can be used with the Fourier method. It therefore appears that some price in efficiency needs to be paid when using the Chebychev scheme, but probably less than a factor of two compared to the Fourier method. Further work is needed to determine whether more accurate and efficient time integration techniques such as the Tal-Ezer method (Tal-Ezer et al., 1987) can be used with the Chebychev algorithm.
Extension of the method to more complicated material rheologies or to three spatial dimensions appears straightforward. In particular, since staggered grids are not used, complete material anisotropy can be incorporated with only minor modifications of the solution scheme.
